Tomato processing includes a break step, which involves rapid heating of freshly chopped tomatoes to >90˚C for hot break, or 60˚C to 77˚C for cold break. Pectolytic enzyme deactivation is believed to be the key element in the hot break step; therefore, pectin content of different products should be qualitatively distinct. The objective of this study was to investigate the effect of hot break versus cold break on the cell-wall pectin of tomato. Cell-wall pectin from hot and cold break tomato products was isolated and analyzed for carbohydrate composition, degree of polymerization, and degree of esterification. The results showed no observable differences in the cell-wall pectin isolated from the two products, indicating that there was no significant pectolytic breakdown of the tomato in the cold break product, and the pectin might not, by itself, contribute to the differences in the final product viscosity resulting from the two processing techniques.
Introduction
Pectin is a family of complex polysaccharides found in the middle lamella and primary cell walls of plants. The primary class of pectin in tomato is homogalacturonan (HGA), which consists of linear chains of α-1,4-linkedd-galacturonic acid with some carboxyl groups in the methyl ester form [1] . HGA is further defined as low methoxyl pectin, with a degree of esterification (DE) < 50%, and high methoxyl pectin, with a DE > 50% [2] . Pectin contributes significantly to the viscosity of food products, and it is believed that the DE and the degree of polymerization (DP) of the tomato pectin are impacted during tomato processing [3] [4] .
Industry employs two distinct initial tomato processing methods that result in very different products: The hot break method, which involves a processing temperature of 90˚C or higher, and the cold break method, in which the processing temperature is 77˚C or lower. Hot break results in a much more viscous product, and is used for ketchup, sauces, pastes, etc. [5] , whereas cold break yields a product with better flavor and color retention, and is used for less viscous products, such as tomato juice. The difference in viscosity has been attributed to the inactivation of enzymes involved in the catabolism of pectin at the higher temperature (Sanchez et al., 2002) , primarily pectin methylesterase (PME) and endopolygalacturonase (EPG).
A recent study showed that when tomatoes were subjected to a laboratory simulation of hot and cold break processing, there were no detectable differences in the DE and DP of the pectin isolated from the respective products [6] . The laboratory cold break protocol included a 24 min hold time at room temperature, prior to heating to 94˚C in a steam jacketed kettle, to allow PME and EPG activity to catabolize the pectin. However, that simulation lacked the pressure and shear that would be found in a large scale industrial processing system. Therefore, this study focused on hot and cold break Roma tomato products from the Red Gold ® Company, which had been subjected to the much more severe industrial processing conditions. These products were analyzed for their physical properties and basic composition, and the pectin was then extracted for composition, DP, and DE analyses.
Experimental Procedures
Tomato products were supplied by Red Gold Inc. (Elwood, IN). Red Gold received the pre-processed tomato preparations from Los Gatos Tomato Products (Huron, CA). The major difference between the two tomato pastes was the break temperature, although the finisher screen sizes were also different. For each experiment, 300 g of hot and cold break tomato preparations were diluted with double distilled water to the initial obrix of the fresh tomatoes used in the previous tomato processing study [6] . Aliquots of the two preparations were used directly for chemical and viscosity analyses, as well as pectin extraction.
Viscosity Analyses

Precipitate Weight Ratio
Approximately 200 g of each sample was centrifuged at 12,800 × g for 30 min at 4˚C. The supernatant was removed for serum viscosity analysis (below). The pre-weighed centrifuge bottles with the centrifugate pellet (precipitate) were inverted for 3 minutes to drain off the remaining supernatant, weighed (triplicate samples for each), and the precipitate weight ratio (PPT) was calculated for each [7] .
Serum Viscosity
Serum viscosity was analyzed using size 100 Cannon-Fenske capillary viscometer (The Lab Depot, Alpheretta, GA), as previously described [8] [9] . The collected serum was filtered through Whatman No. 1 filter paper. Seven ml of serum was pipetted into the viscometer, which was immersed in a water bath at 25˚C. The serum was allowed to equilibrate 10 minutes, prior to measurement.
Brookfield Viscosity
A Brookfield Viscometer model DV II (Brookfield Engineering Laboratories Inc., Middleboro, MA) with spindle 31 was used to measure the apparent viscosity of the tomato preparations (22.5˚C), according to the manufacturer's instructions.
Chemical Analysis
Colorimetric Assays
The Lowry assay was used for the determination of total protein content [10] , with bovine serum albumin as the standard. The Anthrone assay was used to determine the neutral sugar content [11] , with glucose (Glu) as the standard. The uronic acid content was determined by the m-hydroxydiphenyl-sulfuric acid method [12] , with galacturonic acid (GalA) as the standard. The amylose content was determined using the iodine-binding assay [13] , using starch as the standard.
Pectin Extraction and Analysis
The pectin-containing cell walls were extracted from the tomato preparations using an aqueous potassium phosphate method, followed by solubilization of pectic polysaccharides from the cold potassium phosphate-insoluble cell walls [14] . The pectin preparation was then treated with α-amylase to remove any starch. The glycosyl residue content was determined by gas chromatographic (GC) analysis of the trimethylsilyl (TMS)-methyl glycoside derivatives [15] [16] .
A comparative size-range estimation of the pectic polysaccharides was made by medium pressure size exclusion chromatography (SEC), using a Tricond column (300 mm × 10 mm) packed with SephacrylTM S-400 (Amersham Bioscience, Piscateway, NJ). Samples were eluted with an ammonium formate (50 mM; pH 5.5) eluent, at a flow rate of 0.45 ml/min, and fractions were collected (3 min/fraction). Aliquots of each fraction were assayed for uronic acid, as above [12] , in order to generate a pectin elution profile. The size ranges were estimated by comparison to dextran standards.
The DE of the extracted pectin was estimated by proton nuclear magnetic resonance (1H NMR) spectroscopy [17] . The samples (~300 μg) were dissolved in 0.7ml deuterium oxide (D2O) and 1H NMR spectra were obtained at 25˚C using a Varian UNITY INOVA 300 NMR spectrometer (Varian Inc, Palo Alto, CA).
Statistical Analysis
A p-value of less than 0.05 was considered significant for all analyses of variance and t-tests in the study using SAS software (SAS Institute Inc., Cary, NC).
Results
Viscosity
Viscosity measurements obtained from commonly used methods, which included Brookfield, precipitate weight ratio, and serum viscosity are given in Table 1 . Although the hot break preparation was shown to be more viscous by all three analyses, the serum viscosity measurement yielded the most significant difference. These analyses showed that these particular hot and cold break samples were typical for industrial preparations.
Chemical Assays
The general chemical properties (total neutral sugar, acidic sugar, starch, and protein content) of both tomato preparations where determined by colorimetric assays. As expected, the results showed no significant differences between the samples (Data not shown) because unless the glycosyl residues are destroyed during processing, rather than just depolymerization of the polysaccharides, the composition should not differ when the tomato source is the same.
Pectin Analysis
The pectic polysaccharides were extracted from the hot break and cold break tomato preparations by a method that has been shown to effectively solubilize pectin from fresh plant tissue [6] [14] . These samples were then analyzed by GC to establish the glycosyl residue composition. The composition results showed that both extracted pectin preparations contained substantial amounts of galacturonic acid (GalA), however, GalA constituted only about 30% of the detected carbohydrate. The remaining 70% of the detected carbohydrate was split between glucose (Glc) and the other neutral residues, including arabinose (Ara), rhamnose (Rha), xylose (Xyl), mannose (Man), and galactose (Gal). Glc, which was the major glycosyl residue component in the extracts, was not detected in the pectin extracts from the laboratory hot and cold break products in the past study [6] .
Degree of Polymerization
The DP of the pectin from the hot and cold break tomato preparations was examined by SEC, using a SephacrylTM S-400 SEC column. Aliquots from the collected fractions were assayed for uronic acid content and the results were plotted as a pectin elution profile. As in the previous study [6] , the extracted pectin from both tomato preparations eluted in the separation range of the column, without the presence of void peak (Figure 1) . The peaks from both pectin samples had virtually identical start and stop points, showing that the pectin in each had the same size range. There were minor differences in the peak maximum, but that varied from run to run. A comparison to standards indicated that, as in the previous study [6] , the size range was approximately 1.5 × 10 5 − 1.5 × 10 6 . This is in good agreement with previous estimates for the size range of non-degraded pectin [3] [18] [19] .
Degree of Esterification
The pectin was collected from the SEC separation step, and the DE was analyzed by NMR analysis. The H-4 protons, which resonate at approximately 4.4 ppm, are shifted downfield (to a higher chemical shift) for those galacturonosyl residues that are methylesterified on the carboxyl group [17] . The results showed no significant differences in the DE of the two samples. Both of the spectra had the same ratio of the integration values for the relevant resonances, 4.44 ppm and 4.4 ppm, and it was estimated that both extracted pectins had a DE of approximately of 65% -75% (Figure 2 ).
Discussion
As in the past report [6] , there was no observed difference in the DP or DE of the pectin from hot break and cold break processing. This was clearly shown by the SEC and NMR analyses. Furthermore, the fact that DE was similar in both samples supports the SEC data, as PME activity would be necessary for significant EPG activity to take place. Despite the similarity in pectin quality, the hot break material was, in fact, much more viscous than the cold break, and the analyses showed that the serum viscosity was significantly different between the two samples. In contrast, the laboratory hot break material was not more viscous than the cold break, so it appears that the industrial processing has effects on the product beyond the simple heat effects.
In the past report [6] , in which the tomatoes were processed without the pressure and shear of the industrial system, composition analysis of the solubilized pectin preparation showed a high degree of purity, with GalA constituting approximately 77% of the detected carbohydrate in the GC analyses of both hot break and cold break preparations. This level of purity for the pectin solubilization was also found using the same protocol for plant leaf material [14] . However, when the exact same protocol was applied to industrial tomato products, the GalA was only about 30% of the solubilized carbohydrate. Glc accounted for approximately 35% and the other Figure 1 . The Sephacryl™ S-400 SEC pectin elution profiles of pectin extracted from industry (top) hot break tomato product and (bottom) cold break tomato product. The collected fractions were assayed for uronic acid content by colorimetric analysis [12] . 1 H NMR spectra of (top) pectin extracted from hot break product, and (bottom) pectin extracted from cold break product. Although there is not baseline resolution, the integration values from a forced baseline integration indicated that both have approximately a 65% -75% degree of esterification (DE), as described in [17] . neutral glycosyl residues, including Xyl and Man, accounted for the remaining 35%. These components were not found in even trace quantities in the previous study; only Ara, Rha, and Gal were detected, and those sugars are commonly found in pectic preparations. Therefore it appears that one effect of the industrial processing is to make various cell wall components more soluble.
Since this was noted in both preparations, hot and cold break, it must be the other factors in industrial processing that are responsible for this outcome, and microscopy evidence supports this. When the hot and cold break material from the laboratory preparations were examined by light microscopy, the tomato cell structure was found to be largely intact, with many whole, undisrupted cells. In contrast, the cell structure in the industry samples was almost completely disrupted.
Conclusion
Overall, different processing techniques did not affect chemical composition when applied to tomato pastes from the same tomato source. However, significant (P < 0.05) differences were observed for viscosity and PPT between hot and cold break processing techniques. Even though, both samples had similar pectin quality, much higher viscosity was observed for the hot break material was. Since, these differences were not seen in tomato pastes processed in the laboratory, there must be some factors in the industrial process creating these differences. This hypothesis was supported by the microscopy of the samples, which showed the near complete disruption of cells in the tomato pastes.
